Ce 0.8 Gd 0.2 O 1.9 (Gd-doped ceria, GDC) powder synthesized by glycine-nitrate combustion process was densified to 96 % of theoretical density at 900 ºC for 5 min using spark plasma sintering (SPS) process. The grain size of the GDC sintered using the SPS process was about 20 nm. The electrical conductivity of GDC sintered using SPS process was obtained from the AC impedance measured at a frequency range of 42 Hz to 5 MHz, and was compared with that of GDC sintered at 1200 ºC for 4 h in air using normal sintering process with a grain size of 150 nm. The electrical conductivity of GDC sintered using SPS process was one order of magnitude lower than that of GDC sintered using normal sintering process. The contributions of the bulk and the grain boundary to the total electrical conductivity were distinguished by analyzing the AC impedance of the GDC sample. The conductivity of the bulk slightly decreased with decreasing the grain size, while the conductivity of grain boundary increased with decreasing the grain size.
INTRODUCTION
Ceria is widely available material including the catalyst for redox reaction and the electrolyte for solid oxide fuel cell (SOFC). Recently, the influences of grain size on the material properties of ceria have been reported. The ionic conductivity [1, 2] and the lattice parameter [3] for the doped or undoped ceria varied with the grain size. The variation of the ionic conductivity with the grain size was demonstrated based on the curvature of grain in a literature [4] .
On the other hand, Ce 0.8 Gd 0.2 O 1.9 (Gd-doped ceria, GDC) is a promising candidate for the electrolyte material of the SOFC operated at a low temperature (500-700 ºC) because of the higher ionic conductivity of GDC as compared to yttria-stabilized zirconia which is conventional electrolyte material for SOFC. The operation of SOFC at a low temperature extends the choice of component materials for SOFC and increases the lifetime of SOFC. In addition, the electrolyte is generally co-sintered with an electrode in order to support the electrolyte thin film with the electrode [5] . It is desired that a temperature of co-sintering is lowered in order to suppress the possible reaction between the electrode and the electrolyte. The low temperature of sintering could be achieved by synthesizing the fine powder without agglomeration, high packing density and developing the novel sintering technique.
The measurement of the electrical conductivity of GDC is hardly conducted for the bulk electrolyte with the grain size less than 100 nm. In this study, GDC powder synthesized by glycine-nitrate combustion process was sintered using spark plasma sintering (SPS) process. The electrical conductivity of GDC sintered using SPS process was obtained from AC impedance of the sample. It was reported that the fine powder of ceria was synthesized by glycine-nitrate combustion process [6] . On the other hand, SPS which is hot-pressing process accompanied with the application of pulsed DC current allows the fast densification of a powder and the fabrication of the sintered body with nano-sized grain [7, 8] . The bulk electrolyte of GDC has never been fabricated by the processes including the glycine-nitrate combustion process and the SPS process.
EXPERIMENTAL PROCEDURE 2.1 Sample preparation
Cerium nitrate (Ce(NO 3 ) 3 ·6H 2 O >98.9 mass%, Wako Pure Chemical Industries Ltd., Japan) and Gadolinium nitrate (Gd(NO 3 ) 3 ·6H 2 O >99.5 mass%, Wako Pure Chemical Industries Ltd., Japan) were solved with the distilled water to prepare the 0.2 M solution, respectively. The 0.2 M Ce(NO 3 ) 3 and Gd(NO 3 ) 3 solutions were mixed at a molar ratio of Ce : Gd = 4 : 1. The glycine (NH 2 CH 2 COOH, Wako Pure Chemical Industries Ltd., Japan) was added into the mixed solution at a molar ratio of glycine : NO 3 − = 5 : 9 which is stoichiometric ratio for the reaction between glycine and nitrate as expressed by Eqs. (1) and (2) 
The mixed solution was stirred and heated on the hot plate to evaporate the water. The residual material after the evaporation of water swelled and was ignited spontaneously by further heating on the hot plate. The formation of GDC with fluorite cubic crystal phase was confirmed for the ignited powder by the measurement of X-ray diffraction as shown in Fig. 1 . The decomposition of the residual organic materials in the ignited powder was investigated by thermogravimetric differential thermal analysis (TG-DTA) measurement (Thermo Plus 2 Rigaku, TG8120, Rigaku, Tokyo, Japan). As-ignited powder was calcined at 500 ºC for 1 h in air to decompose the residual organic materials. The obtained GDC powder was sintered using the SPS apparatus (Dr Sinter 1050, SPS Syntex Inc., Japan). The GDC powder was put into the graphite die with an inner diameter of 10 mm and was pressed to 90 MPa in the chamber with a vacuum level of 10 Pa. The specimen was heated to 900 ºC at a heating rate of 10 ºC/min and was held for 5 min. The GDC sintered using SPS process was heated at 800 ºC for 1 h in air to oxidize the reduced GDC. The density of the sintered GDC was measured by the Archimedes method using kerosene as the immersion liquid. The microstructure of the sintered GDC was observed using a scanning electron microscope (SEM) (JSM-6500F, JEOL, Tokyo, Japan).
Measurement of electrical conductivity
The GDC sintered using the SPS process was cut into a fleck of 3 mm in length, 3 mm in width and 0.6 mm in thickness. The surface of the specimen was polished with SiC paper of No. 4000. The electrode was formed by applying the Pt paste on the surface of GDC. The GDC with Pt electrode was heated at 750 ºC for 1 h in air. The electrical conductivity of GDC was obtained by the measurement of AC impedance. The AC impedance of GDC at 250 to 650 ºC was measured at a frequency range from 42 Hz to 5 MHz with an applied potential of 0.5 V in air using a self-inductancecapacitance-resistance (LCR) meter (LCR HiTESTER 3532-50, Hioki E. corp., Japan). As a comparison, the GDC powder was compacted at an isostatic pressure of 392 MPa and was sintered at 1200 ºC for 4 h in air. The electrical conductivity of GDC sintered using the normal sintering process was also measured.
3. RESULTS AND DISCUSSION 3.1 Microstructure of the sintered GDC Figure 2 (a) shows the microstructure for the GDC sintered at 900 ºC for 5 min using the SPS process with a relative density of 96.2 % based on the theoretical density of 7.238 g/cm 3 . The grain size of the GDC sintered using the SPS process was about 20 nm. On the other hand, Fig. 2(b) shows the microstructure for the GDC sintered at 1200 ºC for 4 h using the normal sintering process with a relative density of 95.9 %. The grain size of the GDC sintered using the normal sintering process was about 150 nm. The SPS sintering process allowed lowering the temperature of sintering and decreasing the size of grain. Figures 3 and 4 show the complex impedance plots for the GDC samples sintered using the SPS process and the normal sintering process, respectively. The shape of the obtained complex impedance plot was similar to that reported in the literature [1] . That is, (1) the complex impedance plot obtained below 350 ºC showed three , k: constant). The impedance corresponding to the electrochemical reaction at the interface is not discussed in this paper.
AC impedance
The ratio of bulk resistance (R b ) to the summation of bulk resistance and grain boundary resistance (R g ) was 0.64 -0.67 at 250 -450 ºC for GDC with a grain size of about 150 nm sintered using the normal sintering process and was nearly 1 at 350 -500 ºC for GDC with a grain size of about 20 nm sintered using the SPS process. While the ratio was not influenced by the temperature, the ratio increased with decreasing the grain size. This result was agreement with that of the literature [1] which reported that the ratio was 0.3 and 0.5 for GDC samples with a grain size of 510 and 290 nm, respectively.
Electrical conductivity
The sample resistance (R b + R g + R s , R s : surface layer resistance) was converted to the conductivity using the thickness of the sample and surface area of the electrode. Figure 5 shows the Arrhenius plots of s t T (s t : total conductivity, T: temperature) based on the Nernst-Einstein equation [9] expressed by Eq. (3),
where s i is the conductivity of oxide ion, s i0 the constant associated with the frequency factor of migration of oxide ions, E i the activation energy of migration of oxide ions, R the gas constant and T the temperature. Figure 5 also shows the reported conductivities of GDC with a grain size of 290 nm [1] , 510 nm [1] and 5600 nm [10] . The total conductivity decreased with decreasing the grain size. While, the activation energies of total conductivity were 82.2 and 83.0 kJ/mol for the GDC samples with a grain size of 20 and 150 nm, respectively, and were not influenced by the grain size. On the other hand, Fig. 6 shows the conductivities of the bulk and the grain boundary for the GDC with a grain size of 150 nm sintered using the normal sintering process. The conductivities of the bulk and the grain boundary for the GDC with a grain size of 20 nm sintered using the SPS process were not distinguished due to the negligible resistance of the bulk as shown in Fig. 3 . The conductivity of the grain boundary was obtained by calculating the thickness of grain boundary using Eq. (4) reported in the literature [1] ,
where d g is the thickness of grain boundary, C b and C g the capacitance obtained from semicircles in Fig. 4 corresponding to the bulk and the grain boundary, respectively, and d b the grain size. The thickness of grain boundary for the GDC with a grain size of 150 nm was 6.27 -12.0 nm at 250 -350 ºC. The conductivity of the bulk for the GDC with a grain size of 150 nm was 1.2 -1.5 order of magnitude larger than that of grain boundary. The activation energy of the conductivities of the bulk and the grain boundary for the GDC with a grain size of 150 nm was 84.5 and 104.9 kJ/mol, respectively. The comparison of conductivity with that reported in the literature [1] in Fig. 5 indicated that the conductivity of the bulk slightly decreased with decreasing the grain size, while the conductivity of grain boundary increased with decreasing the grain size. The reason that the conductivity of the bulk decreased with decreasing the grain size was not understood. On the other hand, the dependence of conductivity of the grain boundary on the grain size was demonstrated based on the curvature of grain in the literature [4] . The literature shows that the conductivity of the bulk is not influenced by the grain size, while the conductivity of grain boundary increases with decreasing the grain size below a grain size at which the conductivity of grain boundary reaches the minimum, and becomes a constant value below a critical grain size. The results obtained in this study indicate that the decrease of total conductivity with decreasing grain size in Fig. 5 was attributed to the increase of the total thickness of the grain boundary with a lower conductivity as compared to the bulk and the decrease of conductivity of the bulk.
CONCLUSIONS
The Ce 0.8 Gd 0.2 O 1.9 (Gd-doped Ceria, GDC) was synthesized by the glycine-nitrate combustion process and was sintered at 900 ºC for 5 min using the spark plasma sintering (SPS) process. The GDC sintered using the SPS process was densified to 96.2 % of theoretical density and showed a grain size of 20 nm. The conductivity for GDC sintered using the SPS process was obtained by analyzing the AC impedance of the sample and was compared with that measured for GDC sintered at 1200 ºC for 4 h in air using the normal sintering process with a grain size of 150 nm. The total conductivity of GDC decreased with decreasing the grain size. The activation energies of total conductivity were 82.2 and 83.0 kJ/mol for the GDC samples with a grain size of 20 and 150 nm, respectively. The comparison of conductivity with the reported values indicated that the conductivity of the bulk slightly decreased with decreasing the grain size, while the conductivity of grain boundary increased with decreasing the grain size. The activation energy of the conductivities of the bulk and the grain boundary for the GDC with a grain size of 150 nm was 84.5 and 104.9 kJ/mol, respectively.
